The seasonal cycle of Picromerus bidens L. (Heteroptera: Pentatomidae) is usually considered to be univoltine with an obligatory winter egg diapause. Seasonal adaptations of the species were studied in the laboratory and in field experiments. When reared under short-day photoperiodic conditions (L12:D12 and L14:D10), all females began to lay eggs synchronously soon after their emergence. However, in the females reared under long-day conditions (L18:D6 and L20:D4) and outdoors in June-July, oviposition was significantly delayed. This delay in reproduction induced by photoperiodic conditions and then spontaneously terminated was considered to be aestivation. Egg batches laid by females in the laboratory and in the field were kept at 25 • C for two months. From 30.8 to 93.8% of batches contained eggs which hatched without cold treatment between day 14 and 60 after oviposition. The proportion of eggs hatched was 17.7 to 20.9% in the short-day regimes, while it was significantly less (5.7 to 6.0%) under long-day conditions. It is concluded that in some eggs diapause is of low intensity and that if under natural conditions the first batches had been laid at the end of June, nymphs would have hatched at least from some eggs during the same season even without cold treatment. Such untimely hatching would have resulted in the death of nymphs and adults unprepared for overwintering. A photoperiodic response which induces aestivation in the early emerging adults in June-August may prevent early oviposition and occurrence of a second generation and thus maintains univoltinism in P. bidens.
Introduction
Picromerus bidens L. (Heteroptera: Pentatomidae) is a predatory polyphagous true bug. The geographic distribution of this species is very wide: in the Palearctic from 64 • N to northern Africa, and from Ireland to Siberia and China (Southwood & Leston, 1959; Puchkov, 1961; Larivière & Larochelle, 1989; Vinokurov & Kanukova, 1995) . In the Nearctic, this species has been recorded from more than 180 locations in North America (Larivière & Larochelle, 1989) . It is believed that P. bidens was accidentally, and probably more than once, introduced into North America where the species became successfully acclimatized (Javahery, 1986) . Throughout its natural range and in North America, the species occupies mainly shaded and humid forests, although it can also inhabit open forest edges, meadows, and gardens (Puchkov, 1961; Javahery, 1986; Larivière & Larochelle, 1989) .
Animal food is indispensable from the 2nd or 3rd nymphal instars (Mayné & Breny, 1948) . Picromerus bidens is a highly polyphagous bug that preys on larvae and sometimes adults or even pupae of more than 250 species from several insect orders (Puchkov, 1961; Larivière & Larochelle, 1989) . Some of its potential prey are agricultural or forest pests.
The seasonal cycle of the species is usually considered to be univoltine with an obligatory winter egg diapause (e.g., Leston, 1955; Southwood & Leston, 1959; Puchkov, 1961; Javahery, 1986; Larivière & Larochelle, 1989) . In accordance with this seasonal scheme, nymphs hatch from the overwintered eggs in the spring (in May in the forest-steppe zone of Russia where our experiments were conducted; Puchkov, 1961) . Nymphs feed intensively beginning at the 2nd instar and full nymphal development takes 30 to 60 days. In the southern regions, the first new adults may emerge at the beginning of June, although most of the bugs moult into adults by the middle of July. Young adults feed actively, but begin to mate not earlier than August. Females oviposit diapause eggs from the beginning of September. Bugs of both sexes die after about a month after the beginning of oviposition but egg-laying females have been recorded as late as the beginning of October (Puchkov, 1961) . Eggs deposited during the autumn overwinter, and nymphs hatch the next spring.
However, the seasonal pattern of this species is not so clear. Thus, there are several records of active adults in the spring (Schumacher, 1910 (Schumacher, -1911 Butler, 1923; Leston, 1955; Musolin, 1996) . These observations are contradictory to the traditionally accepted seasonal pattern presented above. It was supposed that some adults that had not been reproductively active could survive winter, mate in the spring or summer and produce eggs that hatch without exposure to cold during the same season (Schumacher, 1910 (Schumacher, -1911 Butler, 1923; Dupuis, 1949) . Recently, Larivière & Larochelle (1989) suggested that these two seasonal cycles may co-exist in nature and considered the seasonal pattern with overwintering of adults to be more rare and 'secondary'.
Typical winter egg diapause requires cold exposure for termination (Danilevskii, 1961; Danks, 1987) . If cold exposure is required for P. bidens (as suggested, for example, by Javahery, 1986 Javahery, , 1994 , nymphs from the eggs laid by overwintered adults would not hatch during the same spring, but only after the next winter (after exposure to cold).
These characteristics of the seasonal pattern in this species prompted detailed laboratory and field experimental research aimed at understanding the mechanism controlling seasonal development of P. bidens. Diapause is usually strictly related to a speciesspecific stage, and photoperiod and temperature are the two most important factors controlling its induction in many insect species. The aim of the laboratory experiments was to estimate the possibility of diapause induction at different stages (egg and adult), and to determine the conditions which can induce suppression of development (delay in nymph hatching in the case of egg diapause, and absence of oviposition in the case of adult diapause).
Materials and methods
Insects. The stock culture of P. bidens originated from Moscow province, Russia (56 • N, 38 • E) and was kept and partly renewed every year by Dr O. Volkov at the Institute of Plant Quarantine (Moscow). Egg batches were obtained from this culture. Nymphs that hatched after cold treatment from these batches were used in the experiments.
Laboratory experiment. Insects were kept in plastic Petri dishes 100 mm in diameter, the lids of which had openings 50 mm in diameter for aeration covered by gauze. Caterpillars of the wax moth Galleria mellonella L. and other lepidopterans and larvae in various instars of the Colorado potato beetle Leptinotarsa decemlineata Say were supplied as food for nymphs and adults. Propagules and leaves of the common burdock Arctium lappa L. and watersoaked cotton pads were always available. Fresh food, propagules, and water were added every second day. The density of the nymphs was kept at 20-30 per Petri dish for the 1st and 2nd instars and was gradually reduced to 4-5 for the final (5th) instar. Adults were kept in single male-female pairs in the same size Petri dishes. Zigzag-folded paper served as a substratum for egg-laying.
The laboratory experiment was performed in incubators in which both photoperiod and temperature were controlled automatically (Braun & Goryshin, 1978) . The following constant photoperiodic regimes were used: L12:D12, L14:D10, L16:D8, L18:D6, and L20:D4. The light intensity in the incubators ranged between 180 and 250 lx and was supplied by 20W fluorescent lamps. The temperature was maintained at 24.5 ± 1.0 • C.
The appearance of adults and of new egg batches were recorded daily. The experiment ended when the last female died.
Field experiment. To observe development under conditions similar to those encountered in the field, one experimental series of bugs was reared from the egg stage to the death of adults (from 4 June to 10 September, 1995) outdoors in the reserve 'Forest on the Vorskla River' (Belgorod region of Russia, foreststeppe zone, 50 • N, 36 • E). Insects in Petri dishes (as described above) were kept in a specially modified meteorological booth on a shelf about 130 cm above ground level. Only the northern side of the booth was open and the insects inside the booth were sheltered from direct sunlight and rain. The temperature in the booth was recorded daily with a thermograph and checked using minimum and maximum thermometers.
Egg hatching. To test the possibility of hatching of nymphs without cold treatment, the eggs laid in the experiments were kept for 60 days under embryogenesis stimulating conditions: the batches laid in the laboratory were kept at 25.0 ± 1.0 • C and L16:D8 and those laid in the field experiment were kept outdoors until 10 September (day 10 to 40 after oviposition) and were also transferred to 25.0 ± 1.0 • C and L16:D8. The batches were kept in individual plastic Petri dishes with water-soaked cotton pads. Hatching of nymphs was recorded every second day.
Results
Nymphal development. Nymphal development took approximately the same time in all laboratory regimes in both sexes with the exception of the L20:D4 regime, in which development lasted longer; the difference was small but significant (Tukey multiple comparison test; P = 0.05; Zar, 1996; Table 1 ). Development under outdoor conditions took longer because the temperature was lower (see footnotes in Table 1 for details). There was no difference in duration of nymphal period between the sexes (t-test, P > 0.05).
Induction and termination of adult aestivation.
A pronounced response to daylength was observed during the reproductive period. Under short-day conditions (L12:D12 and L14:D10) all females began to lay eggs synchronously between day 11 and 19 after moulting to the adult stage, whereas in the longday regimes oviposition was delayed despite active feeding and mobility.
As in the two short-day regimes all females laid their first batches by day 16 (L14:D10) and day 19 (L12:D12), it was decided that the physiological state of females (reproduction or dormancy) should be evaluated on day 20 after adult moulting (Figure 1 ). The (Zar, 1996) . b Nymphs grew in the field experiments from 4 June until 14 July, 1995; mean temperature for every five-day period varied between 16.2 and 20.9 • C.
physiological state of females was evaluated not only on day 20, but also later (day 30, 40, etc.); the overall shape of the curve did not change significantly. The results of the field experiment are presented in the same figure.
After induction of diapause, the insects were kept under the same conditions. In the long-day laboratory and field regimes, females terminated diapause spontaneously and laid their first batches of eggs on average between day 30 and 53 after moulting to the adult stage (Figure 2 ).
Longevity. Some females died during the first few days after moulting, before the beginning of reproduction. In surviving females, the mean duration of adult life after the beginning of oviposition ranged in different regimes from 14.3 ± 4.8 to 27.0 ± 4.8 days (mean ± SE; Figure 3 ). In females from the long-day laboratory regimes (L16:D8 and L18:D6) and from the field series, the preoviposition period (including aestivation) exceeded 50% of the total duration of adult life. Photoperiod did not directly affect the pattern of female mortality.
Quantitative characteristics of reproduction. After termination of summer diapause, females began oviposition in all experimental regimes. The average number of batches deposited per female (lifetime fecundity) ranged in different photoperiodic regimes from 1.9 ± 0.5 batch/female (L18:D6) to 4.0 ± 0.8 batch/female (L20:D4) (mean ± SE), although the difference between conditions was not statistically significant (single-factor ANOVA at α = 0.05). The average number of eggs deposited per female ranged from Musolin, 1996) . For the L20:D4 regime, data for day 20 and 30 only are presented, because later on some females from this regime were used for another experiment. Preoviposition period in the field experiment ('Field') was between 6 July and 23 August, 1995; mean temperature for every five-day period varied between 16.1 and 20.9 • C; n = 6-21.
40.1 ± 13.7 eggs/female (L18:D6) to 131.0 ± 35.6 and 132.4 ± 24.3 eggs/female in the L14:D10 regime and in the outdoor series, respectively (difference was not significant; single-factor ANOVA at α = 0.05). In general, the longer females lived after the commencement of reproduction, the more eggs and batches they deposited (although variation in each regime was high and the coefficient of correlation was only r = 0.53).
Termination of egg diapause without chilling.
To test the assumption that cold is required for termination of winter egg diapause in this species, the eggs laid by females in the experiments were subjected to a temperature of 25.0 ± 1.0 • C. Soon nymphs began to hatch from some eggs: the beginning of this process ranged in different regimes between day 14 (eggs laid in the L12:D12 regime) and day 32 (those laid in the L16:D8 regime) (Figure 4) . (Zar, 1996) ; duration of preoviposition period (mean ± SE) followed by the same letter are not significantly different by the same test; n = 10-17. From 30.8 to 93.8% of the batches contained some eggs from which nymphs terminated diapause and hatched within 60 days after oviposition ( Figure 5A ). These batches were significantly more numerous in the short-day regimes (L12:D12 and L14:D10) than in the long-day ones (L18:D6 and L20:D4) (Tukey-type multiple comparison test for proportions; P = 0.05). The overall percentage of eggs hatched was also significantly higher in the two short-day regimes (17.7 and 20.9%) than in the two long-day regimes (5.7 and 6.0%) ( Figure 5B ).
Discussion
Induction and termination of adult aestivation. The state of physiological rest of adult bugs revealed in the experiments was considered to be a reproductive oligopause in terms of physiological classification of dormancy (sensu Mansingh, 1971 and Ushatinskaya, 1976) or aestivation, 'a summer rest aimed at avoiding summer overheating and other associated adverse environmental conditions (water deficit, starvation, etc.)' (Ushatinskaya, 1987) . Aestivation is widely represented in different orders of insects in the tropics, as well as in the temperate and arid zones (Masaki, 1980; Ushatinskaya, 1987) . However, among Heteroptera this kind of dormancy has been reported only in several species from warm regions. Thus, Brown (1962) supposed on field observations that dormancy in the univoltine scutellerid Eurygaster integriceps Put. consists of two phases: aestivation (followed by a short period of autumn migration) and hibernation. Noda (1984) showed that the start of oviposition in the Figure 5 . Hatching of eggs of Picromerus bidens without cold treatment within the first 60 days after oviposition under experimental conditions. A. Proportion of batches with eggs hatched (n = 13-41). B. Proportion of eggs hatched (n = 281-1721). Abscissa -regimes under which parents and batches were reared and kept. Values followed by the same letter are not significantly different at P = 0.05 by Tukey-type multiple comparison test for proportions (Zar, 1996). pentatomid Nezara antennata Scott is under photoperiodic control. Photoperiodically induced retardation of ovipositon was also found in another pentatomid Carbula humerigera Uhler and it was suggested that this response is more important in southern populations of the species than in northern ones (Kiritani, 1985a (Kiritani, , 1987 . In this study we report an example of a photoperiodically controlled aestivation in a population of P. bidens originated from the northern part of the temperate zone.
The two degree centigrade difference in the conditions between the laboratory experiment and our preliminary study (Musolin, 1996) did not significantly affect the induction of aestivation (L12:D12 and L20:D4 regimes at 22.5-23.0 • C and 24.5 • C; results of both experiments are shown in Figure 1) . The results obtained outdoors were very similar to those in the laboratory experiment under the L16:D8 regime. The bugs from the field emerged as adults in the second half of July when the natural daylength decreased from 16 h 30 min to 16 h, and ambient temperature was lower than in the laboratory experiment. The preoviposition period in the outdoor series (30.3 ± 2.9 days; mean ± SE) and in the laboratory under the L16:D8 regime (32.0 ± 3.4 days) did not differ significantly, but differed from those of the two laboratory short-day (L12:D12 and L14:D10) and long-day (L18:D6) regimes (Figure 3 ; Tukey multiple comparison test; P = 0.05). These findings clearly showed that summer dormancy in P. bidens is controlled by daylength, and results obtained in the laboratory experiments can be used to analyse seasonal development of the species in the field.
Termination of egg diapause. The pattern of nymph hatching showed that the process of termination of diapause in eggs was not occasional, but had a regular character. For technical reasons, egg batches laid in the outdoor series were transferred to laboratory conditions on 10 September (day 10 to 40 after oviposition). The ambient temperature in the field was lower than that in the laboratory incubators, which probably explained why hatching of nymphs was slightly retarded in the outdoor series. However, the first eggs in this series hatched before transfer to the laboratory and this showed that early termination of egg diapause does take place outdoors. The proportions of eggs and batches from which nymphs hatched in the field experiment were similar to those from L16:D8 and the short-day series ( Figure 5 ). In general, more eggs tended to hatch and more batches contained such eggs under short-day conditions. However, based on the data obtained, it is impossible to determine which developmental stage (adult or embryo) is sensitive to photoperiodic conditions. When before the experiments egg batches were transferred in May from the cold treatment conditions to the laboratory temperature of 22-23 • C, it took 9 to 11 days to hatch and hatching was very synchronous. However, when the eggs laid in the experiment were kept at 25.0 ± 1.0 • C, very few hatched before day 22 and many hatched much later (Figure 4) . These results suggested that all eggs entered diapause, but in part of the eggs diapause was much less intensive and unstable and was terminated even without a cold treatment.
A similar early hatching of eggs was reported in the gypsy moth Lymantria dispar (L.), a univoltine species with an aestival-autumnal-hibernal diapause (Leonard, 1968; Giese & Casagrande, 1981; Waggoner, 1984) . A small but consistent proportion of larvae (8-15%) hatched before winter and without any chilling, although the hatched larvae do not survive winter in nature (Tauber et al., 1990) . It was suggested that few eggs in egg masses did not enter diapause at all (Tauber et al., 1990) . However, when egg masses were transferred to laboratory conditions in autumn, the time to first hatching in all samples exceeded that in the samples that overwintered outdoors and were transferred into the laboratory only in January or March. Moreover, the duration of the hatching period (calculated as the difference between time to first and last hatching) in some autumn samples extended 10 weeks and was much longer than in the samples transferred as the season progressed. These parameters of egg hatching might be interpreted as evidence of low-intensity diapause (rather than absence of diapause) and resembled our findings in P. bidens. It is clear that the variation in the initial intensity of diapause still remains an important but poorly understood issue in insect seasonality.
Seasonal development of P. bidens in the light of new experimental data. Facultative adult aestivation and termination of diapause in part of the eggs even without chilling found in P. bidens support a new understanding of the seasonal cycle in this species. As was shown, at least in some eggs of P. bidens diapause is unstable (or low-intensive): under favourable environmental conditions nymphs from these eggs hatch soon after oviposition and cold exposure is not required for termination of diapause in these eggs. Therefore, if the first egg batches had been laid at the end of June, nymphs would have hatched at least from some eggs during the same season even without a cold treatment. This would have resulted in the death of nymphs or adults, because they are not physiologically prepared for overwintering. The occurrence of such a partial second generation and the death of non-diapause individuals during winter is prevented by the intervention of a photoperiodically induced aestival diapause in the adults that emerged early in the summer. Under the long-day conditions of June to August, most bugs aestivate and females begin oviposition only in September. Low temperatures during late autumn prevent untimely embryogenesis in the eggs with low-intensity diapause, and hatching occurs only in the spring of the next year. Hence, there are two periods of dormancy, facultative adult aestivation and obligatory egg winter diapause, which maintain univoltinism in this species (the 'primary life cycle' pattern in terms of Larivière & Larochelle, 1989) .
To date, no evidence has been reported that can convincingly explain the rare records of adults in spring and early summer mentioned above. Supposedly, some adults do not terminate aestivation and after sufficient feeding they may survive winter and reproduce next season (this overwintering of adults would correspond to the 'secondary life cycle' pattern in terms of Larivière & Larochelle, 1989) . However, further research is necessary to clarify these aspects of seasonal development in P. bidens.
Incorporation of two periods of dormancy into the annual seasonal cycle is not very rare among insects and might fulfil different functions (Geispits & Zarankina, 1963; Hidaka et al., 1971; Kimura, 1975; Ishii & Hidaka, 1982 , 1983 Canard & Grimal, 1988; Grimal & Canard, 1996 ; for other examples see: Masaki, 1980; Danks, 1987 and Ushatinskaya, 1987) . Thus, this seasonal strategy seems to be one of the most widespread and reliable ways of maintenance of univoltinism in insects (Saulich & Musolin, 1996; Saulich & Volkovich, 1996) . Among Heteroptera, univoltine life cycles with two periods of dormancy (facultative winter diapause of nymphs and facultative adult eastivation) have been reported, for example, in the pentatomid Carbula humerigera Uhler (Kiritani, 1985a (Kiritani, , b, 1987 and in the scutellerid Poecilocoris lewisi Distant (Tanaka et al., 1995; S.I. Tanaka, pers. comm.) .
The special features of environmental control of seasonal development revealed in the predatory P. bidens (photoperiodically controlled summer diapause in adults and termination of diapause without chilling in some eggs) should be taken into consideration when discussing the possible use of this species as an agent for biological control. However, many other aspects of the species' biology and seasonal development remain to be studied.
